SM-197436, SM-232721, and SM-232724 are new 1␤-methylcarbapenems with a unique 4-substituted thiazol-2-ylthio moiety at the C-2 side chain. In agar dilution susceptibility testing these novel carbapenems were active against methicillin-resistant Staphylococcus aureus (MRSA) and Staphylococcus epidermidis (MRSE) with a MIC 90 of <4 g/ml. Furthermore, SM-232724 showed strong bactericidal activity against MRSA, in contrast to linezolid, which was bacteriostatic up to four times the MIC. SM-232724 showed good therapeutic efficacy comparable to those of vancomycin and linezolid against systemic infections of MRSA in cyclophosphamidetreated mice. The MICs of SM-197436, SM-232721, and SM-232724 for streptococci, including penicillinintermediate and penicillin-resistant Streptococcus pneumoniae strains, ranged from <0.063 to 0.5 g/ml. These drugs were the most active ␤-lactams tested against Enterococcus faecium, and the MIC 90 s for ampicillinresistant E. faecium ranged between 8 and 16 g/ml, which were slightly higher than the value for linezolid. However, time-kill assays revealed the superior bactericidal activity of SM-232724 compared to those of quinupristin-dalfopristin and linezolid against an E. faecium strain with a 4-log reduction in CFU at four times the MIC after 24 h of exposure to antibiotics. In addition, SM-232724 significantly reduced the numbers of bacteria in a murine abscess model with the E. faecium strain: its efficacy was superior to that of linezolid, although the MICs (2 g/ml) of these two agents are the same. Among gram-negative bacteria, these three carbapenems were highly active against Haemophilus influenzae (including ampicillin-resistant strains), Moraxella catarrhalis, and Bacteroides fragilis, and showed antibacterial activity equivalent to that of imipenem for Escherichia coli, Klebsiella pneumoniae, and Proteus spp. Thus, these new carbapenems are promising candidates for agents to treat nosocomial bacterial infections by gram-positive and gram-negative bacteria, especially multiresistant gram-positive cocci, including MRSA and vancomycin-resistant enterococci.
The emergence of multiresistant gram-positive cocci has become a serious problem worldwide, especially in nosocomial settings (5, 13, 17) . Methicillin-resistant Staphylococcus aureus (MRSA) are resistant not only to available ␤-lactam antibiotics, but also to structurally unrelated classes of antibacterials, including quinolones and aminoglycosides (4) . Enterococci, especially Enterococcus faecium, are intrinsically resistant to ␤-lactams and aminoglycosides and have acquired high-level resistance to many other antibacterials (18) . Moreover, the multiple resistance of penicillin-intermediate and penicillinresistant Streptococcus pneumoniae (PISP and PRSP, respectively) is of great concern (12) . Vancomycin has been used to treat such resistant gram-positive bacterial infections for some time. However, the wide spread of vancomycin-resistant enterococci (VRE) and the emergence of glycopeptide-intermediate S. aureus reduce the clinical efficacy of vancomycin, and the lack of effective drugs against such multiresistant pathogens is also a serious medical problem (18, 22) . Recently, new classes of antibacterial agents such as quinupristin-dalfopristin and linezolid have become available in several countries. Although their antibacterial spectra cover VRE, their pharmacological profiles, such as narrow spectra, side effects, and/or the rapid emergence of bacterial resistance, clearly limit their clinical usefulness (3, 9, 14, 15) . Therefore, there is an urgent need for new antibacterial agents effective against resistant gram-positive bacteria.
The molecular mechanisms of resistance to ␤-lactams in the gram-positive bacteria mostly depend on various types of mutations in penicillin-binding proteins (PBPs), which are the targets of ␤-lactams (10) . These mutations cause the PBPs to become desensitized to ␤-lactams, resulting in a reduction in ␤-lactam-susceptibility. Improving the affinity of existing ␤-lactams for such mutated PBPs by chemical modifications is one way to restore their activity against resistant bacteria. Carbapenems, a class of ␤-lactam antibiotics, bind with high affinity to a wide range of bacterial PBPs covering susceptible (not mutated) staphylococci, streptococci, and some enterococci. They exhibit a broader antibacterial spectrum compared to other ␤-lactams with a highly bactericidal activity. In addition, the carbapenem nucleus is very stable against hydrolysis by serine ␤-lactamases. Based on the high intrinsic potential of carbapenem nucleus, we have selected it as a prototype to design novel ␤-lactam antibiotics effective against multiresistant gram-positive pathogens.
We previously reported that the 2-(4-arylthiazol-2-ylthio)-1␤-methylcarbapenem SM-17466 and its derivatives exhibited potent anti-MRSA activity corresponding to a high affinity for PBP2a (23, 25) . Although SM-17466 showed good efficacy in a murine systemic infection model of MRSA and acceptable toxicological profiles in preliminary animal experiments, it did not show sufficient activity against E. faecium, prompting us to search for new carbapenems with potent activity against both MRSA and E. faecium, including VRE. Consequently, we found that a series of novel carbapenems having a five-or six-member cyclic amino group instead of the pyridium moiety of SM-17466 showed improved activity against E. faecium. In addition, the representative compounds SM-197436, SM-232721, and SM-232724 showed low neurotoxicity and acute toxicity in mice and were relatively resistant to hydrolysis by human renal dehydropeptidase I (DHP-I), making them promising candidates that warrant further evaluation ( Fig. 1) (26) . In this study, we primarily focused on the in vitro antibacterial activities of these compounds against various clinical isolates, including multiresistant gram-positive bacteria, compared with those of vancomycin, linezolid, and several ␤-lactams. Determination of minimum bactericidal concentrations (MBCs) and time-kill studies of SM-232724 for key resistant pathogens, such as MRSA, VRE, PRSP, and ampicillin-resistant Haemophilus influenzae, were also described. In addition, we investigated the efficacy of SM-232724 in systemic infections with methicillin-susceptible S. aureus (MSSA) and MRSA in cyclophosphamide-pretreated mice and experimental E. faecium subcutaneous abscesses in mice.
( 
MATERIALS AND METHODS

Organisms.
The clinical isolates used in this study were collected in Japan, the United States, and Europe. The ␤-lactamase-producing organisms were from our bacterial collections.
Antimicrobial agents. SM-197436, SM-232721, SM-232724, meropenem, and linezolid were synthesized, and imipenem and cilastatin were prepared from Thienam (Banyu Pharmaceutical Co., Ltd., Tokyo, Japan) in the laboratories of the Sumitomo Pharmaceuticals Research Division. [ 14 C]benzylpenicillin (PCG) was purchased from Amersham International, Plc. (Buckinghamshire, United Kingdom). The other antimicrobial agents were purchased from commercial sources.
Susceptibility testing. MICs were determined by the twofold serial agar dilution method, with Mueller-Hinton agar (MHA; Difco Laboratories, Detroit, Mich.) unless otherwise specified. Susceptibility testing was performed with MHA supplemented with 5% defibrinated horse blood for streptococci and with 5% Fildes enrichment (BBL Microbiology Systems, Cockeysville, Md.) for H. influenzae. Brucella HK agar (Kyokutoh Seiyaku, Tokyo, Japan) supplemented with 5% defibrinated horse blood was used for the culture of anaerobic bacteria. The final inocula comprised approximately 10 4 CFU per spot for aerobic bacteria and 10 6 CFU per spot for anaerobic bacteria. Agar plates were incubated at 35°C for 18 to 24 h. For anaerobes, incubation was carried out anaerobically in GasPak jars (BBL), and for streptococci, H. influenzae, and Moraxella catarrhalis, incubation was carried out in an atmosphere of 5% CO 2 . The MIC was defined as the lowest drug concentration that completely prevented visible growth.
Bactericidal activities. The bactericidal activities of the drugs against each of six strains of S. aureus, E. faecium, S. pneumoniae, and H. influenzae were assessed by a broth microdilution technique (20) . The test organisms (10 5 to 10 6 CFU/ml) in 0.1 ml of cation-adjusted Mueller-Hinton broth with the supplements described above was treated with the drugs at 35°C for 16 to 24 h and inspected for turbidity. A 10-l sample of the medium from growth-negative cultures was removed and spread onto drug-free plates, which were then incubated at 35°C for 48 h for colony formation. The minimum bactericidal concentration (MBC) was defined as the minimum drug concentration that killed Ͼ99.9% of bacteria in the initial inoculum. For time-kill assays, the test organisms were precultured at 35°C for 1 h and consequently treated with the drugs at one-fourth, one, and four times the MIC with shaking at 35°C. Stability against mouse renal DHP-I. The stability of SM-232724 against renal DHP-I was determined with purified mouse renal DHP-I, as reported previously (7) . The activity of DHP-I was spectrophotometrically determined by measuring the hydrolysis of glycyldehydrophenylalanine as a substrate. The relative rate of hydrolysis was expressed as a ratio against the hydrolysis rate for imipenem, which was assigned a value of 1.00.
In vivo experiments. Three-week-old male slc:ICR mice weighing 11 to13 g were purchased from Japan SLC, Inc. (Shizuoka, Japan), and adapted to standardized environmental conditions (temperature, 23 Ϯ 2°C; humidity, 55% Ϯ 10%) for 1 week before beginning the experiments. All animal procedures were performed in accordance with the institution's guidelines for the humane handling, care, and treatment of research animals. Because the hydrolyzing activities of DHP-I for a carbapenem differ greatly among animal species, all carbapenems were used as a mixture with an equal dose of cilastatin, a DHP-I inhibitor, in the animal experiments unless specified otherwise. All statistical analyses described below were performed with the Statistical Analysis System (SAS) version 8.1 for Windows (SAS Institute, Inc., Cary, N.C.).
(i) Experimental S. aureus septicemia in immunosuppressed mice. Mice were administered 200 mg of cyclophosphamide per kg of body weight subcutaneously 4 days before infection. Overnight cultures of S. aureus Smith (MSSA) and SP-12249 (MRSA) were harvested and suspended with 8% gastric mucin (Difco) in phosphate-buffered saline. A 0.2-ml aliquot of the bacterial suspension was administered intraperitoneally to each of the cyclophosphamide-pretreated mice. Two hours after infection, groups of 10 mice were subcutaneously injected with a single dose of antibiotics. The 50% effective dose (ED 50 ) (in milligrams per kilogram of body weight) and 95% confidence limits were calculated by the probit method from survival rates 7 days after infection.
(ii) Experimental E. faecium subcutaneous abscesses in mice. Each mouse was injected beneath the loose skin of the left groin with 0.5 ml of bacterial diluent of E. faecium TL-3273 (approximately 10 8 CFU). SM-232724 and linezolid were administered subcutaneously 1 and 3 h after infection (six mice per group). The abscesses were excised 72 h after infection, at which time abscess formation could be visibly confirmed, and visible cell counts of the number of bacteria per abscess were made in duplicate by standard plating procedures. Statistical analysis of the difference between drug-treated groups and a control group was performed by Dunnett's test for multiple comparisons of significance. 
RESULTS
Antimicrobial activity against clinical isolates of gram-positive bacteria.
The antimicrobial activities of SM-197436, SM-232721, and SM-232724 against clinical isolates of various gram-positive bacterial strains were compared with those of imipenem, meropenem, cefepime, vancomycin, and linezolid. For S. aureus and S. epidermidis, methicillin and oxacillin were used as references, respectively; as was penicillin G for streptococci; ampicillin and gentamicin instead of cefepime for enterococci; and clindamycin instead of vancomycin and linezolid for peptostreptococci. The results are presented in Table 1 . SM-197436, SM-232721, and SM-232724 showed potent activity against both ␤-lactam-susceptible and ␤-lactam-resistant staphylococci. The MICs of the three carbapenems at which 90% of the 112 isolates of MRSA were inhibited were 2 to 4 g/ml and were comparable to those of vancomycin and linezolid. The 34 strains of methicillin-resistant Staphylococcus epidermidis (MRSE) were also susceptible to these new carbapenems, with MICs ranging from 1 to 4 g/ml.
SM-197436, SM-232721, and SM-232724 showed potent activity against penicillin-susceptible streptococci, with the highest MIC being 0.016 g/ml. On the basis of the MIC 90 s, of which the highest value was 0.25 g/ml, the potency of three compounds against a total of 60 isolates of PISP and PRSP was comparable to that of imipenem, and these compounds were Ͼ64-fold and 8-fold more potent than penicillin G and cefepime, respectively.
As we expected, the new carbapenems proved to be highly active ␤-lactam antibiotics for various enterococci. The MICs of three compounds against 34 isolates of E. faecalis, including 10 vancomycin-resistant strains, ranged from 1 to 4 g/ml, which were similar to those of imipenem, ampicillin, and linezolid and superior to that of meropenem. The new carbapenems were 2-to 8-fold more active than ampicillin and 8-to 16-fold more active than gentamicin on the basis of the MIC 90 for 26 isolates of ampicillin-susceptible E. faecium, including 9 vancomycin-resistant strains. Interestingly, three compounds retained intermediate activity against multiresistant E. faecium, which exhibited no susceptibility to ampicillin, imipenem, meropenem, and gentamicin. The MIC 90 s of SM-197436, SM-232721, and SM-232724 were 16, 8, and 8 g/ml for 21 isolates of vancomycin-susceptible E. faecium and 16, 16, and 8 g/ml for 24 isolates of vancomycin-resistant E. faecium, respectively, suggesting that SM-232724 was the most active of the three carbapenems.
In terms of the potency against anaerobic gram-positive bacteria, the new carbapenems showed strong activity against peptostreptococci, similar in potency to imipenem and meropenem.
Antimicrobial activity against clinical isolates of gram-negative bacteria. The antimicrobial activities of SM-197436, SM-232721, and SM-232724 for clinical isolates of various gramnegative bacterial strains were compared with those of imipenem, meropenem, cefepime, and cefotaxime. For H. influenzae, ampicillin was used as a reference, as was clindamycin for B. fragilis. The results are presented in Table 2 . The new carbapenems exhibited high levels of activity against E. coli, Klebsiella pneumoniae, H. influenzae, M. catarrhalis, and members of the Proteus family and moderate levels of activity against other gram-negative bacteria, except for Pseudomonas aeruginosa and Stenotrophomonas maltophilia. The highest activities of the three compounds against ampicillin-resistant H. influenzae were particularly notable in comparison with those of the other ␤-lactams tested. In addition, the new carbapenems showed strong activity against B. fragilis: all three carbapenems were similar in potency to the older carbapenems tested. The activity of SM-197436 against gram-negative bacteria was superior to those of SM-232721 and SM-232724.
Antimicrobial activity for ␤-lactamase-producing bacteria. SM-232724 was highly active against gram-negative bacteria producing various types of penicillinase, including extendedspectrum ␤-lactamases (ESBLs). The MICs of SM-232724 and imipenem for cephalosporinase-producing strains were slightly high, but were still lower than those of cefotaxime, suggesting high stability of the carbapenems against hydrolysis by this type of ␤-lactamase. There was no activity against carbapenemaseproducers, consistent with the results obtained with imipenem (Table 3) . SM-197436 and SM-232721 also showed similar patterns of susceptibility for these ␤-lactamase-producing strains (data not shown).
Bactericidal activity. The activities of SM-197436, SM-232721, and SM-232724 were bactericidal. The MBCs were two-to fourfold higher than the MICs for MRSA, E. faecium, PRSP, and ampicillin-resistant H. influenzae (Table  4 ). In time-kill assays, SM-232724 showed a maximum 4-log CFU reduction against MRSA at four times the MIC (4 g/ml) after 24 h of incubation. Although the bacterial cell numbers after 8 and 24 h of exposure to one and four times the MIC of SM-232724 were similar to those of vancomycin, the carbapenem caused a Ͼ2-log CFU reduction until 4 h, whereas vancomycin did not. Meanwhile, linezolid showed no bactericidal activity against MRSA at any concentrations tested (Fig.  2) . Furthermore, 8 g of SM-232724 per ml caused a 4-log CFU reduction for vancomycin-and ampicillin-resistant E. faecium after 24 h; this killing activity was the greatest among the compounds tested (Fig. 3) . SM-197436 and SM-232721 showed levels of killing activity similar to those of SM-232724 (data not shown).
Affinity for PBP2a of MRSA. Table 5 shows IC 50 s of SM-197436, SM-232721, SM-232724, and imipenem, determined with [
14 C]PCG for PBP2a of two MRSA strains, SP-9099-9H and MS9408-6H. The three compounds showed a similar affinity for the PBP2a of both strains. Their IC 50 s ranged from 1.1 to 2.4 g/ml and were more than 50-fold lower than those of imipenem.
In vivo efficacy against S. aureus and vancomycin-resistant E. faecium. For further evaluations, we chose SM-232724 among three carbapenems, because of its favored antibacterial activity for E. faecium, as shown in Table 1 , and low neurotoxic potential in mice, which has been reported previously (26) . The therapeutic effect of SM-232724 (with cilastatin) on MSSA and MRSA systemic infections in immunosuppressed mice was determined (Table 6 ). Although SM-232724 was much more resistant to hydrolysis by human DHP-I than imipenem (26) , mouse DHP-I preferentially hydrolyzed SM-232724 compared with imipenem: the relative hydrolysis rate of SM-232724 was 2.39, compared to which the rate of imipenem was assigned a value of 1.00. Therefore, we decided to coadminister equal amounts of cilastatin with SM-232724 and imipenem to avoid the negative impact of mouse DHP-I on the pharmacodynamics of these carbapenems in mice. The MICs of SM-232724, vancomycin, linezolid, and imipenem for the S. aureus Smith strain were 0.016, 1, 4, and 0.016 g/ml, respectively. The ED 50 of SM-232724 for protection against infection with the strain was 0.16 mg/kg, which was comparable to that of imipenem and much lower than those of vancomycin and linezolid. Meanwhile, SM-232724 showed in vitro activity against MRSA strain SP-12249 comparable to those exhibited by vancomycin and linezolid, with a MIC of 1 g/ml.
The ED 50 of SM-232724 against MRSA infection was 2.78 mg/kg, equivalent to those of vancomycin and linezolid. In this model, imipenem showed weak protective activity (ED 50 of 25.9 mg/kg), which seemed to be consistent with its low level of in vitro activity. These results suggest that the efficacy of SM-232724 against these MSSA and MRSA strains in vivo was consistent with the in vitro activity. We next determined the efficacy of SM-232724 against E. faecium by using a subcutaneous abscess model in mice ( Table  7 ). The strain of E. faecium TL-3273 used in this model exhibited reduced susceptibility to ampicillin and vancomycin (MICs of 128 and 256 g/ml, respectively), but was susceptible to SM-232724 and linezolid. (Both MICs were 2 g/ml.) This strain formed visible abscesses in mice 3 days after subcutaneous inoculation of approximately 10 8 CFU of bacteria, and the number of organisms in abscesses of nontreated mice ranged from 10 7 to 10 8 CFU in multiple experiments. SM-232724 dose dependently reduced bacterial numbers in abscesses by two subcutaneous injections each of 10, 20, and 40 mg/kg and caused a Ͼ3-log reduction at the highest dose. Linezolid also exhibited a 0.5-log CFU reduction of bacterial numbers at both 20 and 40 mg/kg. Linezolid's activity at 40 mg/kg was weaker than even that of SM-232724 at 10 mg/kg.
DISCUSSION
Multiresistant gram-positive cocci, including MRSA and VRE, show a reduced susceptibility to most of the ␤-lactam antibiotics that have been used in the clinic. As an approach to combat these resistant pathogens, chemical modifications of ␤-lactams targeting the resistance mechanism have been conceived, and to date, a number of reports have appeared that describe new ␤-lactams with improved activity against MRSA. These include different classes of ␤-lactams, especially cephalosporins and carbapenems (1, 2, 8, 11, 16, 19, 25) . However, no agent has shown a measurable advantage over others in the late stages of clinical development.
We previously reported that a new 1␤-methylcarbapenem, SM-17466, and its analogs, which have a unique thiazole side chain at the C-2 position, exhibited improved activity against MRSA. We continued to investigate new analogs in this series of 1␤-methylcarbapenems, focusing on improvements of antienterococcal activity, and SM-197436, SM-232721, and SM-232724 were found to have potent antibacterial activity for both MRSA and E. faecium, helping to increase in depth these agents' microbiological and pharmacological characterization. In the present study, susceptibility testing using a large number of recent clinical isolates revealed that SM-197436, SM-232721, and SM-232724 had excellent in vitro activity against gram-positive organisms in comparison with other ␤-lactams tested. The spectrum includes MSSA and MRSA, PISP and PRSP, and vancomycin-susceptible and -resistant enterococci. The MICs of these carbapenems ranged from Ͻ0.25 to 4 g/ml for all 112 clinical isolates of MRSA tested, including highly resistant strains, while the MIC 90 s of methicillin and imipenem were Ͼ512 and 64 g/ml, respectively. In addition, these carbapenems are also 16-to 128-fold more active against MRSE than the other ␤-lactam antibiotics tested. The good correlation between the IC 50 of PBP2a and the MIC of each carbapenem suggested that the strong antibacterial activity of these compounds for MRSA could be ascribed to the inhibition of PBP2a. In time-kill experiments, SM-232724 more rapidly reduced the bacterial number of MRSA than vancomycin, although both antibiotics exhibited potent bactericidal activities against MRSA. In addition, the bactericidal activity of SM-232724 was superior to that of linezolid, which apparently showed bacteriostatic action against the same strain. Consistent with in were similar to that of imipenem and superior to those of the other agents tested. SM-197436, SM-232721, and SM-232724 were highly active against both ampicillin-susceptible E. faecalis and E. faecium. The activity for E. faecalis was comparable to those of imipenem, ampicillin, and linezolid and better than that of meropenem. There was no difference in the pattern of susceptibility to three carbapenems between the vancomycin-susceptible and -resistant E. faecalis strains tested. The susceptibility of E. faecium to the new carbapenems was much higher than that to the old carbapenems. Against ampicillin-resistant E. faecium, three carbapenems still retained intermediate activity: the MIC 90 of the most potent compound, SM-232724, for a total of 46 isolates of ampicillin-resistant E. faecium was 8 g/ml, which was Ͼ64-fold more active than ampicillin and gentamicin. As with E. faecalis, vancomycin-susceptible and -resistant E. faecium strains revealed similar susceptibilities to the new carbapenems. In addition, the new carbapenems were effective against E. faecium harboring both the VanA and VanB types of resistance (data not shown).
SM-232724 showed good bactericidal activity (MIC/MBC ratio) against six strains of ampicillin-resistant, vancomycinresistant E. faecium compared with quinupristin-dalfopristin and linezolid. The time-kill study suggested that SM-232724, but not quinupristin-dalfopristin and linezolid, possessed significant bactericidal activity against ampicillin-resistant, vancomycin-resistant E. faecium TL-3273, albeit the killing kinetics were relatively slow and weak in comparison with those against MRSA. The activity of SM-232724 was significantly stronger than that of linezolid in a murine subcutaneous abscess model against E. faecium TL-3273, which had the same susceptibility to both SM-232724 and linezolid in vitro. The bactericidal activity of SM-232724 against the strain might contribute to such a high in vivo efficacy, although a detailed pharmacodynamic study is necessary in mice. On the basis of the observations described above, we consider SM-197436, SM-232721, and SM-232724 to be the most active agents against E. faecalis and E. faecium, including the drug-resistant isolates in this study. The resistance of enterococci to ␤-lactam antibiotics is considered to be well correlated to the overproduction of lowaffinity PBP (PBP5), which is a natural component of the PBPs of enterococcal species and which is able to substitute for the functions of susceptible PBPs when they are inhibited by ␤-lactams (6). SM-197436, SM-232721, and SM-232724 inhibit the growth of ampicillin-resistant E. faecium quite effectively, which might suggest a significant increase in the affinity of these compounds for PBP5 of E. faecium.
To date, few ␤-lactam antibiotics have had a significant activity against ampicillin-resistant E. faecium. A novel 1␤-methylcarbapenem, L-786,392, is reported to be active in vitro against multiresistant gram-positive cocci, including MRSA and vancomycin-and ampicillin-resistant E. faecium (21) . L-786,392 has an antibacterial spectrum similar to those of SM-197436, SM-232721, and SM-232724, but differs structurally from these and existing carbapenems, such as imipenem and meropenem, in which it has a unique aromatic and dicationic C-2 side chain connected via a C-C bond to the 1␤-methylcarbapenem nucleus. Further detailed study of structure-activity relationships should facilitate the development of unique carbapenem antibiotics with improved efficacy against highly resistant enterococci, especially E. faecium.
These three compounds, especially SM-197436, retained substantial antibacterial activity for gram-negative bacteria, such as E. coli, K. pneumoniae, H. influenzae, M. catarrhalis, 
